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Description 



METHOD TO REDUCE PHOTORESIST 
PATTERN COLLAPSE BY CONTROLLED 
SURFACE MICROROUGHENING 

Background of Invention 
[0001] The present invention relates to photolithography. 

[0002] As the size of devices is made smaller with each succes- 
sive generation of microelectronics, the thickness of a 
photoresist layer used in patterning features of the de- 
vices is typically reduced. This is so for a variety of rea- 
sons, including the need to compensate for reduced con- 
trol over the photolithographic depth of focus and re- 
duced depth to which the photolithographic dose is ab- 
sorbed at shorter wavelengths. However, a primary reason 
for the reduction of the photoresist thickness is avoidance 
of pattern collapse in the imaged photoresist layer. A 
well-known mechanism causing the collapse of photore- 
sist patterns is loss of adhesion between the photoresist 



patterns and an underlying layer on which they are 
formed. The underlying layer is frequently a substrate or a 
layer of a substrate which consists essentially of a poly- 
meric material. Such polymeric material layer is generally 
utilized as an antireflective coating (ARC). 
[0003] Generally, the thickness of the photoresist layer is deter- 
mined as a fixed multiple of the smallest size of a feature 
to be imaged in the photoresist layer. Stated another way, 
the photolithography process places a maximum value on 
the aspect ratio of photoresist patterns, the aspect ratio 
being the height of a patterned feature in a photoresist 
layer to the minimum width of the patterned feature. For 
photoresists sensitive to both i-line and deep ultra-violet 
wavelength (DUV) sources, the maximum aspect ratio was 
maintained at approximately 3.5 over several generations 
of shrinking feature sizes. For photoresists sensitive to 
193 nm sources, the maximum aspect ratio has been 
maintained at approximately 3.0. However, for photore- 
sists sensitive to 193 nm with higher effective numeric 
apertures and 157 nm sources, the avoidance of pattern 
collapse may require the maximum aspect ratio to de- 
crease to an even lower value of about 2.0 to 2.5. Given 
that the size of features are shrunk even further for sub 



130 nm node technologies, the reduced aspect ratio 
means that the height of the photoresist patterns is dras- 
tically reduced from what it was only a few years before. 

[0004] As a result, in order to avoid pattern collapse, the pho- 
toresist thickness is reduced drastically, sometimes at the 
expense of other processing parameters. At such reduced 
photoresist thickness, one or the other of the following 
responses would be required, if a conventional approach 
were employed. One response would be to greatly in- 
crease the selectivity of the etch process to the patterned 
photoresist material, an achievement which is difficult to 
accomplish. Another way would be to utilize additional 
films, e.g. hardmask layers, for use with the patterned 
photoresist layer in sequentially transferring the pattern 
to underlying layers, a solution, while workable, which re- 
sults in increased process complexity. 

[0005] Therefore, it would be desirable to provide a method of 
avoiding collapse of photoresist patterns, which does not 
require the height of the patterns to be constrained to the 
same degree as conventionally practiced. 

[0006] | n addition, it would be desirable to provide a method of 
preparing a substrate for photolithographic patterning 
without requiring the selectivity of etch processes to be 



significantly increased and without having to utilize multi- 
ple films for sequential pattern transfer. 
Summary of Invention 

[0007] a method is provided for preparing a substrate for pho- 
tolithographic patterning. The method includes providing 
a substrate having at least an exposed rough surface layer 
including a polymeric material. The rough surface layer 
has surface features characterized by feature step height 
varying between about two percent and twenty percent of 
the minimum photolithographic half-pitch. A layer of 
photoresist material is then provided over the exposed 
rough surface layer. 
Brief Description of Drawings 

[0008] Figure 1 illustrates an initial stage in preparing a substrate 
for photolithographic patterning in a method according to 
an embodiment of the invention. 

[0009] Figure 2 illustrates a subsequent stage in preparing the 
substrate for photolithographic patterning following the 
stage illustrated in Figure 1. 

[0010] Figure 3 illustrates a subsequent stage in which photore- 
sist patterns have been formed over a prepared substrate 
in a method according to an embodiment of the invention. 



[0011] Figure 4 illustrates a stage in a method of preparing a 

substrate for photolithographic patterning according to an 
alternative embodiment of the invention. 

[0012] Figure 5 illustrates a stage in a method of photolitho- 
graphic patterning according to an embodiment of the in- 
vention in which a polymeric surface layer has a retro- 
grade profile which interlocks with subsequently formed 
photoresist patterns. 
Detailed Description 

[0013] According to the embodiments of the invention, improved 
methods for preparing a substrate for photolithographic 
patterning and methods of photolithographically pattern- 
ing are provided in which a rough surface layer is pro- 
vided, onto which a layer of photoresist material is de- 
posited. The rough surface layer improves adhesion of the 
photoresist material, such that the risk is reduced that 
subsequently formed photoresist patterns will collapse. 

[0014] The substrate is prepared for photolithographic patterning 
by forming a roughened surface layer consisting essen- 
tially of a polymeric material such as an anti-reflective 
coating (ARC). According to some embodiments of the in- 
vention, a layer of polymeric material 12 is formed over a 
substrate 10, as shown in Figure 1, and the layer 12 is 



roughened by subsequent processing to exhibit topogra- 
phy including surface features 14, as shown in Figure 2. 

[0015] For many photolithography processes, ARC is needed for 
good imaging of the photoresist material. Therefore, the 
presence of the ARC does not represent an additional ma- 
terial layer, but rather a layer already incorporated into a 
process, which is modified to provide improved adhesion 
of the overlying photoresist material. By roughening the 
surface of the ARC prior to depositing the photoresist ma- 
terial, the effective surface area of the interface between 
the photoresist material and the ARC is increased. The in- 
creased surface area, in turn, provides increased contact 
between the photoresist material and the ARC, increasing 
the adhesion between the two for a given size of pattern. 
As a result, the risk decreases that a photoresist pattern 
of the given size will collapse. 

[0016] The process of roughening the ARC layer prior to deposit- 
ing the photoresist layer is referred to herein as a "micror- 
oughening" process because of the size of the roughened 
surface features that result from the roughening process 
in relation to the sizes of the subsequently formed pho- 
toresist patterns. As the utility of embodiments of the in- 
vention described are expected to be high for front- 



end-of-line (FEOL) processing of advanced technology in- 
tegrated circuits utilizing having small ground rules rang- 
ing from 130 nm and below, the surface features pro- 
duced by such microroughening processes are character- 
ized by heights varying between about two percent and 
twenty percent of the minimum photolithographic half- 
pitch. It is evident that the microroughening process must 
result in some minimum height of the topography in order 
for the roughened surface to be apparent on the scale of 
the molecules of the photoresist; hence, the origin of the 
minimum height of surface features. In addition, the mi- 
croroughening process must not result in surface features 
exceeding a stated maximum height; otherwise, step 
changes in topography could actually lead to increased 
loss of adhesion by photoresist patterns, and lead to 
greater rather than reduced pattern collapse. Accordingly, 
a rule of thumb for a maximum height of features in the 
microroughened surface is that they not be greater than 
about twenty percent of the minimum lithographic half- 
pitch when photolithographically patterning minimum di- 
mensioned features by the techniques described herein. 
[0017] it j S recognized that the sizes of surface features are dis- 
tributed over a range of heights, such that the bulk of the 



surface features have heights falling within the stated 
range, while a small number of surface features have 
heights that are either higher than or lower than the 
stated range. It is intended by defining such range of vari- 
ation to encompass all such distributions of feature 
heights, whether or not a small number of features have 
heights falling outside of the stated range. 

[0018] As shown in Figure 3, ideally, the features 14 of the mi- 
croroughened surface are uniformly, albeit randomly, dis- 
tributed throughout the interface 16 between the ARC 12 
and the photoresist material 18, and in such manner that 
the optical properties of the ARC are not intolerably de- 
graded. The aspect ratio of the photoresist patterns 18 
are determined by the ratio of the height 19 of each pat- 
tern 18 to the width 21 of each pattern 18. The width of 
each pattern, in turn, is determined by the photomask 
that is used. The width may be as small as the minimum 
photolithographic half pitch that is selected for the partic- 
ular generation of integrated circuit manufacturing when 
using a standard photomask, or may be even smaller, 
when a phase-shifting photomask is used. 

[0019] According to a particular embodiment of the invention, a 
polymeric layer is roughened prior to depositing the pho- 



toresist material by a physical removal technique such as 
mechanical milling, ion milling or plasma sputtering, us- 
ing species of noble gases and/or other gases that essen- 
tially do not chemically react with the material of the 
polymeric layer under the sputtering conditions. The goal 
of such embodiment is to form craters in the surface of 
the polymeric layer while only minimally chemically etch- 
ing the layer, i.e. etching at a rate of less than 500A/min., 
or not at all. Typically, craters that are formed as a result 
of this process range between 10 nm and 100 nm in width 
and depth, depending upon the bias in the etch tool. 

[0020] such sputtering conditions can be achieved in a capaci- 
tively coupled plasma etcher. Examples of feed gases to 
the chamber include the noble gases argon (Ar), helium 
(He), and krypton (Kr), and gases which only minimally 
promote etching of organic polymer materials, such as 
bromine (Br), nitrogen (N 2 ) and hydrogen (1-^), and any 
combination thereof. 

[0021] An example of a process conditions for forming craters in 
the surface of the polymeric material is as follows. A flow 
of Ar is provided to a chamber at a rate of 10 to 500 stan- 
dard cubic centimeters per minute (seem), a gas pressure 
between about 10 and 200 milliTorr (mT), optional mag- 



netic plasma confinement at a strength of between about 
20 and 60 Gauss, radio frequency (RF) power between 
about 400 and 1200 watts (W), at direct current (DC) bi- 
ases between about 200 and 300 volts (V). By varying the 
RF power and DC bias conditions, the diameter and depth 
of the craters produced in the polymeric layer can be var- 
ied to meet a particular design point for surface rough- 
ness. 

[0022] | n addition to a capacitively coupled plasma etcher, other 
plasma generation techniques can be utilized to achieve a 
similarly controlled physical sputtering plasma for pro- 
ducing a cratered surface of a polymeric layer. Among 
such techniques are dual frequency capacitively coupled 
plasma etching, inductively coupled plasma etching, and 
low energy electron and/or ion beams. Process parame- 
ters for utilizing such alternative techniques vary accord- 
ingly. 

[0023] According to another embodiment of the invention, the 
polymeric layer is roughened by a process involving the 
simultaneous removal of material from the surface by ion 
milling or plasma sputtering, and chemical etching of the 
surface of the polymeric layer. The ion milling/plasma 
sputtering aspect of the process results in the formation 



of "fine grains" on the surface of the polymeric layer. Fine 
grains that form as a result of this process typically have a 
shape similar to a peanut and range in width between 5 
nm and 30 nm. The fine grains effectively provide both 
constructive and additive topography to the surface on the 
order of 5 nm to 50 nm. 
[0024] According to this embodiment, the chemical etching as- 
pect of the process is limited to a level of 2000 to 3000 
A/min., such that it only assists in forming a heightened 
topography. The predominant removal technique is physi- 
cal sputtering. Such process can be achieved by capaci- 
tively coupled plasma etching in which one or more fluo- 
rides of carbon (e.g. CF , CF ), and/or sulfur hexaflouride 
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(SF ) are present, either alone or in combination with a 
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noble gas such as Ar, He, or Kr or a combination thereof. 
[0025] An example of process conditions for forming fine grains 
to roughen the surface of the polymeric material is as fol- 
lows. The flow of one or more of the above-indicated 
gases is provided to the chamber at a rate of 10 to 500 
seem at a gas pressure between about 10 and 200 mill i— 
Torr (mT), optional magnetic plasma confinement at a 
strength of between about 20 and 60 Gauss, and RF 
power between about 400 and 1200 W, DC bias ranging 



between about 350 and 700 V. 
[0026] Variation of the process conditions produces different re- 
sults in the quality of the microroughened surface. By 
varying the RF power from 300 to 1200 W and DC bias 
conditions from 250 to 700 V, the following changes re- 
sult in the surface topography: the etch rate of the poly- 
meric layer increases; the degree of surface roughness in- 
creases; and "craters" or "pits" formed in the surface are 
partially smoothed by the deposition of a polymer-like 
residue from the etching. In addition, the width of the 
crater-void is decreased. Deposition of the polymer-like 
residue during the etching over the unetched top layer of 
the polymer results in fine, typically peanut-shaped 
grains, adding topography to the surface ranging in 
height from a few nanometers to 50 nm. In addition, the 
spatial periodicity of the grains increases, e.g. from 10 nm 
to 200 nm. 

[0027] As in the above-described embodiment, other etching 
techniques can be used to achieve the desired surface 
roughening provided by this embodiment, among which 
are dual frequency capacitively coupled plasma etching, 
inductively coupled plasma etching, and low energy elec- 
tron and/or ion beams. Again, process parameters for uti- 



lizing such alternative techniques will vary accordingly. 

[0028] According to yet another embodiment as illustrated with 
reference to Figure 4, a microroughened polymeric layer is 
achieved by simultaneously depositing a polymeric layer 
24 and performing ion milling and/or plasma sputtering 
of the layer 24, the layer 24 being deposited onto a pre- 
existing layer 22 of the substrate 20. In depositing the 
polymeric layer according to such embodiment, very little 
or no chemical etching is conducted, i.e., any etching pro- 
ceeds at a rate of less than about 500A /min., which pre- 
dominantly occurs in the deposited polymeric layer. Such 
processing can be achieved by capacitively coupled 
plasma etching techniques in which fluorides of hydrocar- 
bons (e.g., CHF 3 , CH^) and/or larger molecular weight 
carbon fluoride gases (e.g. C 4 F g ) are present, either indi- 
vidually, or in combination with one or more noble gases 
(e.g. Ar, He or Kr) or any combination thereof. 

[0029] The following is an example of process conditions for de- 
positing a microroughened surface polymeric layer ac- 
cording to this embodiment of the invention. A gas or 
combination of gases including CHF 3 or C 4 F g and Ar, for 
example, are provided to a capacitively coupled plasma 
etcher chamber at a flow rate between about 10 and 500 



seem, gas pressure from between about 10 and 200 mT, 
optional magnetic confinement from between about 20 
and 60 Gauss, and RF plasma generating power between 
about 400 and 1200 W. Processing according to this em- 
bodiment results in a deposited polymeric layer having an 
additive microroughened surface having few, if any, 
craters or grains in the surface, and only added topogra- 
phy from the deposited polymeric layer. 

[0030] Again, as in the above-described embodiment, other 
etching techniques can be used to achieve the desired 
surface roughening provided by this embodiment, among 
which are dual frequency capacitively coupled plasma 
etching, inductively coupled plasma etching, and low en- 
ergy electron and/or ion beams. 

[0031] The foregoing described processes can be referred to as 
subtractive processes because the topography of the 
polymeric underlayer results from the removal of material 
from the surface of that layer. According to yet another 
embodiment of the invention, a process is provided which 
is "additive," rather than subtractive, in that surface to- 
pography is created by the addition of particles to the 
surface of the polymeric layer, rather than the removal of 
material from the surface. According to such embodiment, 



a multiplicity of small particles known as "nanoparticles", 
"nanospheres" or "nanoclusters" having diameters gener- 
ally less than about 10 nm are added to the surface of the 
polymeric material layer such that the particles jut up 
from the surface. 

[0032] This is accomplished according to one of two ways. One 
way is to incorporate nanoparticles into a polymeric sur- 
face layer during deposition of the layer. Another way is to 
deposit the nanoparticles onto an existing polymeric sur- 
face layer to provide a roughened surface layer. Prefer- 
ably, the nanoparticles are essentially inert, i.e. nonreac- 
tive to materials incorporated in the polymeric layer, and/ 
or the photoresist layer and/or chemicals used to develop 
or rinse the developed photoresist layer that is formed 
over the roughened polymeric layer. 

[0033] The pitch 25 of the patterns 18 formed in the photoresist 
layer (Figure 3) affects the degree of surface adhesion that 
is achieved for photoresist patterns of a particular depth, 
all other factors being equal. Accordingly, tightly pitched 
resist line patterns 18 have a greater need for improved 
surface adhesion, while resist line patterns having asym- 
metric pitch (i.e. nested on one side only and open on the 
other side) have an even greater need for improved sur- 



face adhesion as the risk of collapse is greater for such 
case. 

[0034] The particular surface topography achieved in the surface 
layer underlying the photoresist layer affects the strength 
of adhesion between the two layers. Thus, features having 
sharp step heights provide greater mechanical interlock- 
ing of the layers than features that have a continuous, e.g. 
spherical, shape. 

[0035] Figure 5 illustrates a particular preferred embodiment of 
the invention in which the polymeric surface layer 34 un- 
derlying the photoresist material 38 has a retrograde pro- 
file in which openings 36 in the surface 40 of the poly- 
meric surface layer 34 grow larger with increasing depth 
from the surface 40. Such retrograde profile results in in- 
creased adhesion of the photoresist material 38, because 
the photoresist material mechanically interlocks with the 
underlying retrograde openings in the polymeric layer in a 
manner similar to that of a dovetail joint in carpentry. In- 
creased adhesion results relative to that of the embodi- 
ment shown in Figure 4 because the photoresist material 
can only detach from the underlying retrograded surface 
layer by shearing off the surface features of the underly- 
ing retrograded layer. A retrograde surface profile in this 



manner can be achieved, for example, through wet etch- 
ing the surface layer while retarding etching of the surface 
itself through use of a surface inhibitor. A standard, 
widely available adhesion promoter such as hexamethyld- 
isilazane (HMDS) is suitable for this purpose. 

[0036] while the invention has been described in accordance with 
certain preferred embodiments thereof, those skilled in 
the art will understand the many modifications and en- 
hancements which can be made thereto without departing 
from the true scope and spirit of the invention, which is 
limited only by the claims appended below. 

[0037] What is claimed is: 



